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FOREWORD

f This Final Report for the "Study of Direct Versus Orbital
; Encry for Mars Missions'" (NASA Contract NAS1-7976) is provided
s in accordance with Part III A.4 of the contract schedule as

! amended, The report is in six volumes as follows:

NASA CR-66659 - Volume I - Summary;

NASA CR-66660 - Volume II - Parametric Studies, Final Analyses,
and Conceptual Designs;
7

NASA CR-66661 - Volume III - Appendix A - Launch Vehicle
Performance and Flight Mechanics;

7 NASA CR~66662 -~ Volume IV ~ Appendix B - Entry and Terminal
4 Phase Performance Analysis;

NASA CR-66663 - Volume V - Appendix C - Entry Configuration

Analysis;

E TR

*

NASA CR-66664 - Volume VI - Appendix D - Subsystem Studies
¢

and Parametric Data,
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APPENDIX C

1. AEROHEATING ANALYSIS

Parametric Data

Definition of parameters in study. - Parameters studied are
defined in the following paragraphs.

Entry parameters: The maximum entry flightpath angles and
the ranges of velocities to be used in the Mars Mission Mode Study
were specified in reference Cl., The minimum flightpath angles
were specified to be 20 above skipout. The resulting VE’ 2

boxes are shown in figure Cl for both the orbit and direct entry

modes. The specific VE’ 7E combinations for which aeroheating

data were generated are also shown in figure CIL.

An entry weight range of 500 to 10 000 1b is specified by
reference Cl, The possible aeroshell diameter is large (30 ft)
when aeroshell extensions are considered. It is convenient to
use ballistic coefficient in parametric entry analyses rather
than specific weights and diameters. A ballistic coefficient
range of 0.1 to 0.6 was used to cover the possible combinations
of entry weights and aeroshell diameters., An intermediate value
of 0.3 was used so that variations with ballistic coefficient can
be defined.

Configurations: A 70° half-angle cone was selected as the
reference configuration during the Phase B Voyager study (ref.
C2). Therefore, the orbital mode analysis was based on the 70°
cone configuration with a nose-to-base radius ratio of 0,50,

A valid mission mode comparison is made by using the 70° cone
for the direct mode as well, Actually the larger axial force
coefficient of the 70° should be even more advantageous for per-
formance-limited systems of the current study than for the Phase
B Voyager system, However, limited aeroheating data have been
obtained for the 60° cone so that comparisons can be made. The
nose-to-base bluntness ratio was assumed to be 0,50 to eliminate
an additional variable,

This aeroheating analysis is generally limited to two points
on the aeroshell, These points are the stagnation point and the
cone edge. Analyses at these two points arc considered adequate
for defining the heating to the aeroshell and the ablator weight
for this study.
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APPENDIX C

Aeroshell extensions are considered to be extensions of a 15-
ft diameter aeroshell, Cone edge heating data are applied to ex-
tensions with proper consideration of extended diameter,

Atmospheres: The convective heating is primarily a function
of the physical characteristics of the atmosphere, i.e., scale
height, rather than of composition, The highest heating rates
are encountered in the low-scale height atmospheres, while the
greatest total heat loads occur in the low-scale height atmospheres,
The VM-7 and VM-8 atmospheres were found to be critical in the
Phase B Voyager study and were used in the Mars Mission Mode Study
for orbital entry.

Radiation heating, which becomes significant for direct mode
entry, is a strong function of atmosphere composition, VM-7 is
still used as the critical high-scale height atmosphere because
the composition is the same for all the high-scale height atmos-
pheres. VM-4 was used as the critical low-scale height atmos-
phere because of the greater radiation intensity at high velocities
in this atmosphere than in VM-8.

Scale factors and uncertainties: Convective laminar heating
and radiation heat transfer can be scaled to any aeroshell size,
Turbulent convective heating scale factors are provided with the
data:

Stagnation convective heat transfer rate scales as the
inverse ratio of the square root of the nose radii;

Equilibrium radiation heat transfer rate scales directly’
as nose radius or aeroshell diameter;

Nonequilibrium radiation is considered to be independent

of aeroshell size,

There are uncertainties associated with the prediction of heat
transfer in the Martian atmosphere at the current time, The fol-
lowing uncertainty factors have been assigned to the predicted
heating rates for design purposes:

Convective heat transfer, 1,5;
Equilibrium radiation, 2.0;
Nonequilibrium radiation, 3.0;

Base heating, convective and radiation, 2.0,
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Aergheating data. - The aeroheating data presented in this
appendix consist of summaries of maximum heating rates, total
heating loads, and aerodynamic shear stresses. Such summaries
allow rapid evaluations of the effects of VE’ 7E and B and

comparisons of the mission mode. Time histories of entry trajec-
tory and heating parameters are available in reference C3 for the
entire matrix of cases worked in this study. The analysis tech-
niques used in generating these data are discussed in the sub-
section of this appendix entitled 'Analysis Techniques,"

Normalized pressure and laminar convective heating distribu-
tions are given in figure C2 for both the 60 and 70° half-angle
cones, The design stagnation pressure is used as twice the dy-
namic pressure, Dynamic pressure summaries are presented in
Section 1 of Appendix B. These normalized distributions are in-
dependent of atmosphere and entry parameters,

Orbit mode: For the VM-7 atmosphere, the summary of total
heat (Q) and maximum heating rate (q) is given in figure C3 for
the stagnation point of a 1,0-ft radius sphere. These data scale
as the inverse of the square root of the nose radius. Maximum
heating rates increase with increases in entry velocity, flight-
path angle, and ballistic coefficient., Total heating loads in-
crease with increases in entry velocity and ballistic coefficient
and increase with decreasing flightpath angle.

- Laminar flow exists over the cone surface during the entire
heating pulse for the matrix of parameters studied in the orbit
mode, Thus, the heating distribution of figure C2 can be used
with the properly scaled data of figure C3 to obtain maximum heat-
ing distributions for any size aeroshell, Maximum values of the
laminar aerodynamic shear stress at the edge of the cone are shown
in figure C4, The shear stress is a weak function of aeroshell
diameter, and it is considered to be independent of diameter for
this parametric study, Convective base heating is estimated to
be 2% of stagnation,

For the VM-8 atmosphere, summary stagnation point heating data
are presented in figure C5, Higher maximum heating rates and lower
total heat loads are experienced in WM-8 than in VM-7 for a given
set of conditions, Maximum laminar shear stress data are shown
in figure C6,
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(a) Pressure Distribution
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Transition to turbulence can occur at the cone edge for a
limited range of ballistic coefficients, flightpath angles, and
aeroshell diameters, Turbulent flow occurs at the edge of the
cone for aeroshell diameters greater than 12 ft for the combina-
tions of B and VE shown in figure C7, The conditions for

which turbulent flow was found in this study do not vary signifi-
cantly over the entry velocity range of 14 000 to 16 000 fps.

The transition Reynolds' number is reached near the time of maxi-
mum heating rate for all cases because the Reynolds' number is
increasing rapidly with time. For the parametric study, it is
assumed that transition in VM-8 occurs at the time of maximum
heating and that the flow goes turbulent over the entire cone at
this time, Factors have been derived to account for the effects
of turbulence on heating rate and shear stress, These factors
are considered to be constant with time during entry and to apply
over the small range of entry conditions and aeroshell diameters
of concern, These factors, also shown in figure C7, are:

Turbulent edge heating rate/stagnation heating rate

4 q4.) = L.8;
( eTURB/ S)

Turbulent edge total heating/stagnation point total heat-

ing <Qc /Qs) =1.,12;
TURB

Turbulent edge shear stress/laminar edge shear stress
T /T = 3.5,
“TurRB/ “LAM

Direct mode, 70° cone: For the VM-7 atmosphere, direct mode
heating data are presented for a 15-ft diamcter aeroshell, The
nosc radius is 3.75 ft, Stagnation point convective heating data
arc presented in figure C8, Equilibrium radiation heating data
for the stagnation point are given in figure C9, Nonequilibrium
radiation heating data are prescented in figure C10,

10
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Figure Cl0.- Stagnation Point Nonequilibrium Radiation Heating, VM-7,

Direct Entry
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Turbulent flow conditions exist at the cone edge for a range
of conditions similar to the orbit mode in VM-8, This range of
conditions is indicated in figure Cll, In this case, the transi-
tion to turbulence occurs at about the time that the heating rate
has decreased to one-half its maximum, The factors used to ac-
count for the effects of turbulence are:

Turbulent edge heating rate/stagnation heating rate
g /é = 1.4
( ®TURB 5)
Turbulent edge total heating/stagnation point total heat-
ing (Q /Q = 0.8;
( ®TURB/ °
Turbulent edge shear stress/laminar edge shear stress

T /T = 3,0,
€TurRe/ €1AM

This combination of B, v, and diameter for which turbulence
exists is considered to be independent of entry velocity. Laminar
maximum shear stress values are shown in figure Cl2 and are con-
sidered independent of aeroshell diameter, Equilibrium radiation
heating at the cone edge is given in figure €13, and nonequilibrium
heating is given in figure Cl4,

Radiation heating to the base is summarized in figure Cl5,
The convective heating is estimated to be 2% of stagnation.

For the VM-4 atmosphere, stagnation point convective heating
data are presented in figure Cl6., Stagnation point radiation
equilibrium data are shown in figure Cl7, and radiation nonequi-
librium data are shown in figure Cl8,

Turbulent flow conditions occur at the cone edge for a wide
range of the VE’ Vg B, RB matrix studied. Therefore, it

is necessary to provide more detailed information on the effects
of turbulence than for the previous cases. The turbulent flow
boundaries are defined in figure Cl9 in terms of I B, and
RB. These boundaries are still relatively independent of entry
velocity, Transition to turbulence occurs very near the time of
maximum convective heating rate for all cases in this low-scale
height atmosphere, Transition is assumed to occur at g for
X

this study. Turbulent heating ratios (q /és) at the edge are
“TURB/

presented in figure C20 as functions of VE’ B, and R

7E’ B
Laminar shear stress data are shown in figure C21, and turbulent
shear stress data are shown in figure C22. These data are con-

sidered to be independent of aeroshell size, 15
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| Note: 1. Turbulence exists over complete
velocity range.
— 2. Turbulence limited to RB > 6.5 ft. )
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Figure Cll,- VM-7 Direct Entry Turbulent Flow Regime (Cone Edge)
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Equilibrium radiative heating at the edge is presented in
figure C23, and nonequilibrium radiative heating is presented in
figure C24,

Radiative heating to the base of the vehicle is shown in fig-
ure C25, Convective heating is estimated to be 2% of stagnation.

The analysis of the 60° cone has been limited to VM-4 because
the turbulent flow regimes are expected to result in the most
critical comparisons, The 60° cone was only analyzed at entry
velocities of .18 000 and 21 000 fps. The conditions for which
turbulence exist seem to be more velocity-dependent than for the
70° cone. Turbulent flow boundaries are presented in figure C26
for an entry velocity of 18 000 fps and in figure C27 for 21 000
fps.

Turbulent edge heating factors are given in figure C28 for
the 60° cone. Vorticity interaction is expected to increase the
heating over the cone significantly, and vorticity interaction
factors are given in figure C28 as a function of velocity. The
edge heating ratio with vorticity interaction becomes

(q /q = (q /q x Vorticity Factor
TurRB/ ®Jwith vort “rurp / °

Laminar shear stress values are presented in figure €29, and
turbulent values are presented in figure C30.

Discussion of parametric data. - Parametric data are dis-
cussed in the following paragraphs.

Mission mode influence: A mission mode comparison must be
tempered by the system constraints that result in different entry
corridors, different size aeroshells, and different ballistic co-
efficients for orbital and direct modes, However, a meaningful
comparison of the effect of entry mode on aercheating can be bhased
solely on the parametric data presented in the "Aervoheating Data'
paragraph of this subsection. Aeroheating data will be presented
as a function of velocity because this is a primary distinction
between modes, The entry flightpath angles to be used are -17°
for the orbital mode and -28° for the direct mode. These may be
necar nominal entry angles for the two modes, they do not repre-
scnt critical design cases because these are generally the min-
imum and/or maximum entry angles. A ballistic coefficient of
0.3 and an aeroshell diamcter of 15 ft are used for both modes.
The chosen parameters represent conditions for which data are
available, and no interpolation is required. This mission mode
comparison is based on data for the cone edge becausec this is more

significant to the heat shield design than is the stagnation point.
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Maximum heating rate data for the selected conditions are pre-
sented in figure C31, Laminar convective heating rate exhibits a
steady increase with velocity and discontinuity between modes be-
cause of difference in entry flightpath angle. The direct mode
laminar heating rate at 18 000 fps is twice that of the orbital
mode and is 4 times as great at 21 000 fps. However, the turbu-
lent convective heating rate in VM-4 is four times as great as
the laminar., The turbulent heating rate can be high enough to
require the use of a more dense ablator with a resulting greater
heat shield weight (see Section 2 of this appendix). Maximum
radiative heating rate is insignificant at the lowest direct entry
velocities but can be dominant at the highest direct mode veloc-
ities. In fact, when the uncertainty factors of the 'Definition
of Parameters in Study'" paragraph of this subsection are applied
the combination of radiative and laminar convective heating at
high velocities can also require a change in ablator material.

Total heating load data are presented in figure C32. Here
the laminar convective data show a decrease from the orbit to the
direct mode because of the differences in entry flightpath angle.
The largest laminar heating loads occur in VM-7 for both modes.
However, turbulent heating in VM-4 is dominant for the direct
case. The differences in magnitude between orbital and direct
modes are less pronounced for total heating, which determines
ablator thickness, than they are for heating rate, Radiation
heating loads are insignificant at the lowest direct entry veloc-
ities but are of major importance at the highest velocities,
Maximum laminar heating loads are associated with minimum flight-
path angles because of the long flight times involved. Therefore,
data are also shown in figure C32 for the minimum entry angles
from figure Cl in the VM-7 atmosphere. When the total radiative
and convective loads are considered, it is not apparent whether
VM-7 or VM-4 is the more critical heat shield design case. This
implies that the influence of turbulent heating on heat shield
design may result more from consideration of maximum heating rate
than from total heating load.

Two significant factors arise from an inspection of figures
C31 and C32. Radiative heating and turbulent convective heating
can exert strong influences on heat shield design for the direct
mode. The influence of radiative heating is further complicated
by the uncertainty in current estimates. This problem can be
largely eliminated by restricting entry velocities to less than
20 000 fps. Transition to turbulence is a function of entry con-
ditions, primarily entry angle, and of configuration, i.e., bal-
listic coefficient and diameter.
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An inspection of figure C19 shows that there are combinations of
these parameters for which turbulence does not exist, However,

it is unlikely that both the entry corridor and configuration can
be so constrained as to avoid turbulence. The turbulence problem
is further complicated by the lack of confidence in the flow tran-
sition criteria, Thus, the estimates of aerodynamic heating for
the direct mode are characterized by two important uncertainties
that require conservatism in current estimates and can have sig-
nificant influences on ablator weight requirements. The direct
mission mode will require a more complex and costly experimental
program to adequately define the aerodynamic heating than will the
orbital mode.

Aerodynamic heating to the base 1s expected to be of a low
level, However, differences in base heating between modes are
similar to the differences in forebody heating. The base con-
vective heating is twice as great at the lowest direct entry
velocities as at orbital entry velocities. The convective heat-
ing to the base increases as entry velocity increases and radi-
ative heating may be significant at the higher direct entry veloc-
ities. The estimated heating must be protected against, even
though it is of a low level. The large difference in reclative
magnitudes of base heating for the orbital and direct entry modes
may require different forms of base heat protection.

Direct mode configuration influence: A simple comparison of
the aeroheating for the 60 and 70° cones can be based on the nor-
malized heating distributions of figure C2 when the aeroshell di-
ameter is fixed., It appears that the total heat load to the 60°
cone is greater than that to the 70° cone even for this compari-
son with no vorticity interaction. The vorticity interaction
factor shown in figure C28 may be conservative for this nose
bluntness ratio but it is clear that any vorticity interaction
results in a definitely greater heating load to the 60° cone.
This sort of comparison is valid at low direct mode velocities
where radiation heating is not large. Radiation heating to the
60° cone is always less than to the 70° cone, and this fact could
become predominant in the comparison of heating at the higher
direct mode velocities.

Aeroshell structural weight comparisons based on the data of
section 3 of this appendix were made for a ballistic coefficient
of 0.35. The diameters of the 60 and 70° cones were varied so
that entry weight remained constant (sce tabulation).
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Cone angle, deg 70 60 70 60
Base diameter, in. 120 124 .8 180 187.2
Aeroshell weight, 1b 127 119 368 330

The 60° cone exhibits slightly lower structural weights for given
conditions than does the 70° cone. This will be compensated for
in some degree by increased booster shroud diameter to accommo-
date the increased 60° cone aeroshell diameter.

More detailed analysis is required to establish the optimum
aeroshell configuration for the direct mode, This cursory analy-
sis of the configuration influence indicates that significant
differences do not exist between the 60 and 70° cones and that
a valid mission mode comparison can be made using the 70° half-
angle cone.

Analysis Techniques

A point mass trajectory with a constant ballistic coefficient
was used to determine the trajectory parameters required to pre-
dict the heating environment. The perfect gas law and the hydro-
static equations were used with the VM atmospheric data to deter-
mine atmospheric properties at each calculation point. The atmos-
pheric viscosity was calculated using Sutherland's equation with
modification for atmospheric composition variation according to
data prepared by the National Bureau of Standards.

Equilibrium thermodynamic properties were obtained for the
desired atmospheric compositions with the JPL thermochemistry and
normal shock computer program (ref, C4) and from correlations with
the data of reference C5 for the transport properties. The vis-
cosity was correlated with the data of references C6 and C7. It
was assumed that the properties of the shock layer in the stagna-
tion point regions were identical with the properties behind a
normal, equilibrium shock wave.

The stagnation point convective heating rate was calculated
using the data for variable gas composition of Marvin and Pope
(ref. C8). Interpolation between tabular values was used to ob-
tain the necessary constants for gas mixtures not included in
reference C8,
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The stagnation point equilibrium radiation heating rate in-
cluding the effect of self-absorption of CO(4+) was determined
using experimental data and the correlations of references C9
thru Cl3, A combination of the program described in reference Cé&
and the techniques of Kivel and Baily (ref. Cl4) and French (ref.
C15) was used to predict the radiation intensities for arbitrary
gas mixtures, The data for VM-8 are presented in reference Cl3,
while data for VM-4 and VM-7 are presented in figures C33 and
C34.

The noncquilibrium radiation heating rate is presented in
figure €35 as a function of velocity. This curve is based on the
experimental data and correlations of references CL6 and Cl7,

The data of reference Cl7 and recent results from the Martin Mari-
ctta Corporation shock tube indicate that the CN nonequilibrium
radiation component is not significant for orbital entry, The
assumption was made that the nonequilibrium radiation started at
an altitude where the density and cnergy were sufficient to sus-
tain it. A possible significant source of nonequilibrium radi-
ation for the orbit mode is the €O, vibration-rotation component
This is discussed in reference €2, but is not considered in this
study because its magnitude is uncertain and its inclusion might
distort the study results. This source of radiation needs to be
investigated experimentally so that its importance can be evalu-
ated,

Pressure distributions were obtained through the use of ap-
plicable theory., The pressure distribution for a 60° half-angle
cone can be approximated by Newtonian theory for a shock density
ratio of 0,05 while a 70° half-angle cone pressure distribution
can be predicted by the single strip integral method., These pres-
surce distributions were usced with the reference enthalpy method
to predict the laminar and turbulent convective heating rate dis-
tributions and the laminar and turbulent shear stress valucs.
Correlations of turbulent heating parameters from the reference
enthalpy heating program were used to provide estimates for the
wide range of conditions of this study., The transition from
laminar to turbulent flow was assumed to occur when the momentum
thickness Reynolds' number (refs. Cl8 thru C20) reached a value of
250, This value ig based on the data of reference C21. It was
assumed for this study that transition occurred over the entire
cone surface simulatancously. Previous studies have shown this
assumption to be reasonable when the variation of the transition
criterion with local Mach number is considered.
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The radiation components at the cone edge, equilibrium, non-
equilibrium, and entropy layer radiation, were calculated in a
manner similar to the stagnation point calculations., The radi-
ation calculations include the effect of self-absorption of
CO(4+) when applicable.

The effect of vorticity interaction on the edge convective
heating rate was included f#r the 60° half-angle cone because the
turbulent boundary layer thickness becomes a significant part of
the entropy layer thickness, Calculations indicate that the tur-
bulent boundary layer thickness can be one-tenth to one-half of
the entropy laver thickness, A conservative approach was assumed
for the vorticity interaction effect. The approach was to deter-
mine the sharp cone solution and use it as a limiting case. The
problem of vorticity interaction does not exist for a 70° half-
angle cone because the entire shock layer is an entropy layer.
Appropriate factors were determined for the 60° half-angle cone
as a function of velocity in the region of interest.

The convective base heating rate was estimated to be 27 of
the stagnation point value for the configuration of this study.
This figure was based on data correlation of refercnces €22 thru
C24 and preliminary data from the Martin Marietta Corporation
hot-shot wind tunnel, Radiation heating to the basc was estimated
on the basis of the experimental data of reference C25,
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2. HEAT SHIELD

Ablator Material Selection and Design Criteria

For this study, the aeroshell has been considered to be pro-
tected from the entry environment with an ablative heat shield
system. It is possible that in an actual design, local areas
would use nonablative materials or special materials formulated
for specific applications such as antenna windows or instrumenta-
tion ports. These local areas will have little effect on the
total system weight and, therefore, have been omitted in this
study. The basic ablative material considered is the SLA-561
low-density cork, elastomeric silicone-based material. This
material has been under development by Martin Marietta over the
past three years and is formulated specifically for the Mars
mission. The material retains its elastomeric properties to -150°F
and, therefore, minimizes cold soak and other thermal strains.

It can be molded directly over and bonded to large areoshells and,
thus, presents no major fabrication problems or strain incompati-
bilities in conforming to the substructure. Material samples have
been exposed to sterilization cycles and vacuum without any appar-
ent degradation. This material is efficient thermally, approxi-
mating the performance of corkboard, but possesses a much stronger
and tenacious char layer than cork. The development and perform-
ance of this material is documented in reference C27.

The SLA-561 has been tested in the plasma arc extensively up
to heating rates of 100 Btu/ft® sec, which is well beyond the
requirements for out-of-orbit entries and covers most of the di-
rect entry cases. The recession mechanism is primarily by melt-
ing and vaporization and increases quite rapidly at heating rates
greater than 100 Btu/ft® sec. Therefore, for this study, the use
of the SLA-561 material was limited to regions with heating rates
less than 100 Btu/ft® sec. This limitation was imposed at this
time primarily because of lack of experimental data at higher
heating rates and an adequate analytical model at higher heating
rates. The thermal properties of SLA-561 are listed in table C1.

High heating rates result from the turbulent flow on the aft
regions of aeroshell for the direct entry mode. In these regions
where the heating rate exceeds 100 Btu/ft® sec, the ESA-5500M
material was used. This material is a modification of the lead-
ing edge material used on the Precision Recovery Including Maneu-
vering Entry (PRIME) lifting body flight test vehicle and is cur-
rently being studied for the high-heating rate, high-shear environ-
ment associated with Venus entry. This material has been tormu-
lated for shear levels approximately 20 times the Mars conditions.
Its thermal properties are given in table C2.
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TABLE Cl.- MATERIAL PROPERTIES OF SLA-561

Ablator material conductivity, Btu/in.-sec-°R
A= 0 (char) A= 0,75
x 10°8 at 0°R 0.8 x 10°8 at 0°R
A at 1500°R 0.8 x 10:6 at 1500°R
x 10 © at 2400°F 2.3 x 10 © at 2400°R

Il
ouwn
b
=

)]

A= 1,0 (viregin plastic)

0.695 x 10 ®  at O°R
0.695 x 10 ©  at 560°R

0.7 x 10°° at 3200°R
(Linear interpolation between lambda and temperature points)
Pyrolysis gas specific heat: 0.60 Btu/1b-°F (constant with
temperature)
Char density: 8.25 1lb/cu ft
Virgin material density: 14.7 1b/cu ft
Virgin material specific heat: 0.30 Btu/lb-°F
Virgin material heat of pyrol-
ysis 0
Pyrolysis kinetic constants:
G = Ae-B/T
A=2.78 x 10 ¥ (sec) ?
B = 34 200 (°R)
Reaction order n = 3.0
Char emissivity: 0.70 at O°R
0.75 at 2000°R
0.92 at 2500°R
0.95 at 3500°R

0.95 at 10 000°R

(Linear interpolation between points)

Char specific heat: 0.37 Btu/1lb-°F
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TABLE C2.- MATERIAL PROPERTIES OF ESA-5500M

Ablator material conductivity, Btu/in.-sec-°R

A= 1.0 (virgin plastic) A= 0 (char)
3.0 x 10_° at 0°R 5.0 x 10_°  at O°R
3.0 x 10 © at 825°R 5.0 x 10_ % at 450°R
2.5 x 10 at 1050°R 10.0 x 10_®  at 3500°R
2.5x 10 ° at 5100°R 10.0 x 10°° at 5500°R
(Linear interpolation between lambda and temperature points)
Pyrolysis gas specific heat: 0.60 Btu/1b-°F (constant with
temperature)
Char density: 30.9 1b/cu ft
Virgin material density: 58.0 1b/cu ft

Virgin ma

Virgin ma
ysis:

Pyrolysis

Preexponential constant
Activation energy
Reaction order

Char emissivity:

Char specific heat:

terial specific heat: 0

terial heat of pyrol-

kinetic constants:

@

o O o O o o

.20 to 0.30 Btu/1b-°F

=2.78 x 10 *° (sec) ™t
34 200 (°R)
= 3.0

.85 at O°R

.85 at 3000°R

.90 at 3500°R

.90 at 5500°R

.25 to 0.35 Btu/1b-°F
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For the inflatable airmat afterbody design, a flexible abla-
tive material is required. This material must be capable of being
bonded to the airmat and folded for transit to Mars. In addition,
because of the possible discontinuity from the straight conical
aeroshell to a bulged airmat section, transition to turbulent flow
has been assumed. Therefore, the flexible ablator should be capa-
ble of relatively high heating rates. In this study, the PPA-1078
foamed elastomeric silicone-based material was selected. This
material was initially under development for direct entry Mars
missions before the development of the SLA-561 for the out-of-
orbit lander configuration. Development information for the PPA-
1078 material is documented in reference C28. Additional develop-
ment and tests are required to obtain near optimum material for
this application and to verify the capability of the material to
withstand the long-term space exposure in the folded configuration,
The thermal properties of PPA-1078 used in these analyses are
given in table C3.

The design criteria adopted for the heat shield studies re-
flect the relative uncertainties associated with the various
heating components. For the convective heating rates, a 1.5
factor of safety has been used, which is based on past evaluations
of the degree of confidence of convective heating analyses. A
factor of safcety of 3.0 has been applied to the nonequilibrium
bow shock radiation because it is the most uncertain heating
component due to a lack of experimental data for corresponding
gas mixtures and velocities. The equilibrium radiation analysis
is considered more certain and has been assigned an uncertainty
factor of safety of 2.0.

These factors of safety were applied to the calculated heat-
ing rates for the various trajectories considered and an ablation
analyses (T-CAP) used to determine the required heat shield thick-
ness.,  TFor the parametric study where many design conditions were
considered, the required thicknesses were based on a 400°F peak
bond line temperature at anytime up to lander separation. How-
cver, tor the point design studies, a more explicit criterion
was used, which consisted of limiting the bond line temperature
to 300°F maximum at time of peak dynamic pressure or 600°F any-
time up to lander separation. This is somewhat less conservative
than the 400°F peak temperature at anytime; however, it is con-
sistent with structural design criteria,
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TABLE C3,- MATERIAL PROPERTIES OF PPA-1078

Ablator material conductivity, Btu/in.-sec-°R

A= 1,0 (virgin plastic) A= 0 (char)
1.5 x 10_° at O°R 2.5 x 10_° at 0°R
1.5 x 10 ° at 825°R 2.5 x 10_° at 1450°R
1.25 x 10_8 at 1050°R 5.0 x 10_¢ at 3500°R
1.25 x 10 © at 5100°R 5.0 x 10 © at 5500°R
(Linear interpolation between lambda and temperature points)
Pyrolysis gas specific heat: 0.60 Btu/1b-°F (constant with
temperature)
Char density: 15.0 1b/cu ft
Virgin material density: 50.0 lb/cu ft

Virgin material specific heat: 0

Virgin material heat of pyrol-
ysis: 0

Pyrolysis kinetic constants:

Preexponential constant A
Activation energy B
Reaction order n
Char emissivity: 0
0
0
0
Char specific heat: 0

.20 to 0.30 Btu/lb-°F

]

2.78 x 10 19 (sec)™®
34 200 (°R)

= 3.0

.85 at 0°R

.85 at 3000°R

.90 at 3500°R

.90 at 5500°R

.25 to 0.35 Btu/1b-°F
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iy Ablation Analysis Method

The T-CAP III Transient Charring Ablator Program was used to
conduct the ablation analyses for this study. The analytical
model employed in this program includes up to five material phases
-- virgin plastic, the pyrolysis zone, char, pyrolysis vapor, and
a viscous melt layer. Histories of the aerothermal and aeromechan-
ical environment are described by curves of convective and radia-
tive heating rates and viscous shear stress and pressure gradients.
The heat balance at the surface consists of convective and radia-
tive heat inputs conduction into the ablative layer, convective
heat blockage due to mass injection into the boundary layer, re-
radiation from the surface, and surface chemical reactions. Ma-
terial removal due to heterogeneous surface reactions, vaporiza-
tion, sublimation and mechanical erosion, and viscous melt flow
are computed where applicable. Internally, the heat absorbed by
the pyrolysis vapors as they flow through the char and the heat
absorbed or produced during pyrolysis are included with the normal
heat conduction and storage terms. The internal degradation, i.e.,
pyrolysis zone, is computed with an Arrhenius rate function with
kinetics derived from Thermogravimetric Analysis (TGA) and plasma-
arc data. The thermal response of internal insulation and struc-
ture can be included as required for both one and two dimensional
heat flow. The following are the equations programed for finite
difference solution for arbitrary inputs of material properties
and time dependent surface environments:

1) Surface heat balance,

q (conduction) = q (convective) + q (radiation)
* § (chemical) - q (reradiation)
dT
= = H -HY+q * r - eTH
k XSurface De“eCH ( r w) qr rchHr T w
where

k = ablator thermal conductivity

DeueCH = net heat transfer coefficient
Hr = recovery enthalpy
c radiation heating rate
mc = mass loss rate of surface material
AHr = heat of reaction

o = Stephan-Boltzmann constant
€ = emissivity

T = surface temperature;

(C1)
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Ablative layer heat balance,
q (stored) - g (conduction) - q (transpiration)

q (pyrolysis)

aT_ 3 (D a1 2
dc - 3% o m, (x,t) cp I + fovp Lp (x) St (C2)

8

where

p(x) = ablator density at x

cp = ablator specific heat
mv = pyrolysis vapor mass flow at x
c = vapor specific heat
P
g
f = volatile fraction of ablator
pvp = ablator virgin density

L = heat of pyrolysis

P
A(x) = nondimensional density.

In the ablative layer, the degree of material degradation is
described by a nondimensional density A which is defined as the
weight fraction that the pyrolysis reaction has to go to comple-
tion. The rate at which the material pyrolyses is a function of
and the reaction kinetics. Thus;

where

AB

b

n

= A

]

e

= -k A (€3)

c(x) - pchar
o) - pchar
vp

-B/T
B/

Arrhenius rate constants

reaction order.

The material reaction kinetics and the order of reaction are
obtained for a particular material by TGA. The ablator density
at any point and at any time is given by

p(x,t) = p(x,t) (pvp - pchar) + ochar (C4)
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while the mass flux is given by

. - oA
th, (x,t) = -fovp St dx
o

where applicable material properties used in the T-CAP III program
are taken as temperature-dependent. In addition, thermal conduc-
tivity and specific heat are also taken as functions of density

to account for changes through the pyrolysis and char zones.

Surface recession.- The mechanisms that control surface re-
cession are functions of the ablative material surface composition
and boundary layer gas chemical composition. In the T-CAP III
computer program, several optional methods of computing surface
recession are used. The particular method selected depends on
the types of surface recession, e.g., melting or burning.

Thermochemical recession.~ The thermochemical reactions that
must be considered for Mars atmospheres are carbon reactions with
carbon dioxide and nitrogen and carbon sublimation for graphitic
materials (e.g., ESA-5500M and PPA-1078) and vaporization for
siliccous materials (e.g., SLA-561). The heating rates typical
of Mars entires, being relatively moderate, do not produce temper-
atures sutficient to initiate nitrogen reactions or sublimation
of carbonaceous materials, and, in general, gas phase dissocia-
tion of the CO; is unimportant as it affects surface recession.
Thus, the dominant reaction to be considered is the C-CO, reaction.
The rate at which this reaction occurs depends on both the reactiv-
ity of the material and the rate at which CO, is made available to
the surface, and the degree of characterization of the materials
thermochemical and thermomechanical response to the predicated
cnvironment.

An,Arrhenius rate cquation is used to represent this reaction
and, in terms of mass loss of material, is expressed as
-E/RT

w

n Kk
- e
C pcogw o

m
This cxpression shows that, at constant carbon dioxide pressure,
as temperature increases, the reaction rate rises exponentially.
However, an increasce in reaction rates must necessarily be accom-
panied by an increased flux of reaction products from the surface.
Because removal of the reaction products from the surface is ac-
complished at a finite rate by convection and diffusion, any in-
crease in mass loss rate duc to a temperature increase must result

(C5)

(C6)
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in a decrease in the reactant availability at the reacting surface.
Therefore, PCO also depends on the boundary layer mass transfer
2W

mechanisms. Assuming that the only heterogeneous reactions taking
place are oxidative and that carbon monoxide is the only reaction
product, it can be shown that the carbon mass flow is related to
the mass fraction of CO, (at the wall and boundary layer edge) and
the boundary layer mass transfer coefficient is as indicated in

equation (C2). (K -K
o c \eo cozw)

- K +
¢ COmy | Tco,

M
d

=)

Equations (C6) and (C7) are independent equations with the
unknowns of surface mass flow and quantity of available CO,.

These equations are solved simultaneously for KCO and
2w

and, thus, account for both the so-called rate limited and dif-
fusion limited regimes.

At higher temperatures where sublimination and nitrogen re-
actions are predominant and vaporization of siliceous materials
is significant, thermochemical equilibrium between the char and
boundary layer species is assumed with surface recession being
controlled by diffusion in the boundary layer. In this case,
the net flux of each element is given by equation (C8).

; =(a K - -k
@) (i i)w Pehelh <Kie iw>

These equations, coupled with a general chemical equilibrium re-
quirement at the surface, are solved for the mass transfer and
surface recession.

Mechanical erosion.- Mechanical surface shear is significant
only for the melting ablative materials in that it controls the
melt flow.

The analysis for materials that form a viscous melt layer use
the following equations to compute surface recession rates assum-
ing a continuum melt flow:

i 4
rflow —fR ds (uR) dx

(€7)

(C8)

(C9)
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where

u = tangential velocity
S dp ; X
_Tfpdy+(ds -pgsme)fudx

= aerodynamic shear stress

T
%E = local pressure gradient

i = melt viscosity
R = local body radius.
Parametric study.- Parametric heat shield thickness data and
material selections for the out-of-orbit and direct modes have

been obtained for a reference aeroshell configuration of 70° half-
angle cone with a bluntness ratio of RN/RB = 0.5 and a 0.030-1in.

aluminum structure. The data encompass the following range of
entry conditions -~ entry angles (76) from 30 above skipout bound-

ary to 20° for out of orbit, and 38° for direct mode, ballistic
coefficient (8) from 0.1 to 0.6 slugs/ftZ, and aeroshell basc
diameters of 6, 15, and 30 ft. The study considered nominal entry
velocities of 15 000 fps for the orbit case and 21 000 fps for

the direct mode. The effect of velocity variations of %1 000 fps
was evaluated for the orbital case and was found to have only a
small effect on the heat shield thicknesses. This is shown in
figures C37 and C40. Velocity variations for the direct entry
mode are more significant because of the direct influcnce on the
shock layer radiation levels.

Ablator thicknesses for three aeroshell diameters, for the
stagnation region and for the cone edge, and for the direct and
the out-of-orbit cases are presented in figures C36 thru C47.
Discontinuities appear in the direct entry curves. This is
caused by the switch from SLA-561 to ESA-5500M at a hcating rate
of 100 Btu/ft? sec for the VM-4 atmosphere, Although the VM-4
atmosphere higher heating rate defines this material transition,
the higher total heat VM-7 atmosphere determines the thickness
requirement. Thus the material switch is defined by VM-4 but
the thicknesses are set in either case by VM-7. 1In figures C46
and C47, two discontinuities appear. The second discontinuity
is caused by the transition to turbulent flow for the VM-7 atmos-
phere. Because the ablator thicknesses are calculated for only
the stagnation point and the cone edge, an estimate of the thick-
ness distribution was made for laminar flow and turbulent flow
based on the heating distributions.

(C10)




APPENDIX C

These estimated thickness distributions, shown in figures C48 and
C49, were used in conjunction with the stagnation point and cone
edge thickness curves to estimate the weights for the heat shield
system, The ablator thicknesses for the flap extensions were
taken as the cone edge values. For the airmat afterbody exten-
sions, the ablator thickness for the PPA-1078 is given in figure
C50.
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3. AEROSHELL PARAMETRIC STUDY

The data presented herein are a result of aeroshell parametric
studies conducted for the Mars Mission Mode Study. General ap-
proaches, assumptions, and methods of analysis are discussed. Re-
sulting parametric weight curves are presented.

Study Approach

The aeroshell parametric studies considered an all-aluminum
structure with deployable aluminum flaps or inflatable coated-
Nomex fabric airmats as required to achieve the desired entry
weights and ballistic coefficients.

The methods of analysis used in this study are outlined in
this section of this appendix. The configurations analyzed are
shown in figures C51 thru C53. The configuration consists of a
truncated cone with the half-included angle ranging from 45 to
70°. Previous studies have investigated sandwich structure, inte-
gral -rectangular-frame stabilized monocoque structure, and channel-
frame stabilized monocoque structure as methods of construction
for the conical portion of the aeroshell. The result of this com-
parison was that the channel-frame structure was the most effi-
cient; therefore, this design was used for the Mars Mission Mode
Study.

The study considered a range of design pressures and loads
that would satisfy anticipated design conditions for both the di-
rect and orbital entry mode. Constraints on the analysis consist
of minimum and/or maximum dimensions or material gages. Con-
straints on detail structure are given in figure C51. The maxi-
mum base diameter for the fixed portion of the aeroshell structure
was fixed at 15 ft. Any requirement for a larger aeroshell was
accomplished by use of flaps or airmat.

The parametric study initially considered the effect of pay-
load frame radius and frame spacing (BS) on the weight of the con-
ical shell structure in an effort to fix these two variables.
Figures C54 and C55 show shell weight variation as a function of
these two variables. Figure C54 does not include the weight of
the payload frame that, as may be seen in figure C59, increases
rapidly with increase in radius.
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As a result of the data in figure C54 and including the informa-
tion implied in figure C59, the payload frame radius was fixed

at the radius to the tangency between the aeroshell conical struc-
ture and nose cap. Figure C55 indicates that, for the range of
pressures important to the Mars Mission Mode Study (1.0 to 15.0
psi), the frame spacing should be as small as practical. The
frame spacing, at midcone, was fixed at 2.0 in. for the parametric
study.

Within the constraints mentioned above, the data given in
figures C56 thru C6l were generated. The design temperature was
70°F for the payload frame and 300°F for the remainder of the
structure. Figures C56 thru C58 allow weighing any rigid aero-
shell with a base radius (RB) from 2.0 to 10 ft, a design pres-
sure from 1.0 to 50.0 psi (ultimate), and a half-included angle
from 45 to 70°. The data in figure C59 are for a 70° aeroshell,
but should be fairly representative down to a 60° aeroshell.
Figures C60 and C6l are also for a 70° aeroshell and the effect
of cone angle variation is not known at present.
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Figure C53.- Parametric Layout Study, 15-ft Diameter Fixed Aeroshell with Airmat Extension
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Payload frame weight, 1b
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Study Results

Figures C62 thru C75 represent the composite aeroshell weights,
including ablator, for the entry trajectories indicated in the
figure titles. Figures C62 and C63 are for the orbital entry mode
and consider a rigid aeroshell from 6.5 to 20.0 ft in diameter at
the base. Figures C64 thru C67 are for direct entry and consider
rigid aeroshell from 6.5 to 15 ft base diameter. Figures C68 thru
C75 are for the direct entry mode and consider a rigid aeroshell
from 6.5 to 15.0 ft in diameter at the base with either rigid
flaps or deployable airmat extensions up to an equivalent 30.0 ft
base diameter. It should be noted that a break occurs in these
curves at a ballistic coefficient of approximately 0.3. Two abla-
tive materials were used in this study with a switchover from
SLA-561 to PPA-1078 occurring when the maximum heating rate equaled
or exceeded 100 Btu/ftZ-sec (see Section 2 of this appendix). The
break in these curves is consistent with the change in ablator
materials.
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APPENDIX C

Methods of Analysis for Conical Aeroshell Structure
The conical aeroshell structure for a planetary entry vehicle
consists of four major components. They are:
1) Nose cap;
2) Conical shell or shells;
3) Aft stabilization frame;
4) Payload frame.

A discussion of the methods of analysis used to size and de-
termine weights of these components is given below.

Nose cap. - The nose cap is designed as a monocoque shell
with a constant radius of curvature. The method of analysis used
is given on page 3.25-1 of reference C28. A simple equation is
presented that allows determination of required thickness of a
monocoque shell in terms of external pressure and radius of curva-

ture.
= pr2 |1/2
0.35E

where

t = required thickness

p = external pressure

R = radius of curvature

E = modulus of elasticity.

This equation applies for & < A < 24 where
A= [12(1 - 2)11/4 Ro/[Rt]l/2
and

i - Poisson's ratio

Ro - base radius of nose cap.
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Conical shell structure. - Two methods of construction (sand-
wich, frame stabilized monocoque) have been considered for the
shell structure of the aeroshell. Both methods assume a uniform
external pressure on a conical shell simply supported at the
boundaries. The basic equation for general instability of the
shell structure is based on material given in reference C29 and
results from experimental work on homogenous truncated cones sub-
jected to external collapsing pressure. The expression for the
general instability allowable is:

5/2

x|t
T |=x

p =0.736 E/

where

= allowable pressure, psi
= modulus of elasticity, psi

slant length of the cone, in.

X~ oo
il

= average slant radius of the cone, in.

't = thickness of cone skin, in.

The above equation, modified as required, and additional equations
required for local instability checks were used to analyze the
conical shells as discussed below.

Sandwich shells: The sandwich shells are analyzed as one or
two truncated cones depending on the location of the payload frame.
The analysis assumes both cones to be hydrostatically loaded, i.e.,
the cones are subjected to a compressive longitudinal stress. The
analysis assumes that structures having equal radii of gyration,
in the circumferential direction, will work to the same stress
level before becoming unstable. By equating radius of gyration,

2 btsd? 1/2

2 bts

btm®
12 btm

1/2 ‘

solving for tm

tm = V12 d



94

APPENDIX C

and using the assumption of equal stress,

Pm R/tm = Ps R/2ts
Ps = 2ts Pm/tm
the general instability equation becomes:

- 9.49 E ts d3/2

LR3/2

where

tm = monocoque thickness, in.

b = unit width, in.
ts = sandwich face thickness, in.
d = distance from sandwich centroid to centroid of face

sheet, in.

It is assumed that core cell size is small enough to preclude
intercellular buckling of the face sheets.

The above equation has been incorporated in a program written
for the IBM 1130 computer that will determine optimum weight sand-
wich shells within the limits of minimum face thickness and mini-
mum and/or maximum core height. Included are weight for the re-
quired core, bonding agent between face sheets and cove, and ap-
propriate edge members to allow manufacturing of a segmented acro-
shell.

Frame stabilized monocoque shells: Frame stabilized monocoque
shells were analyzed as one or two shells depending on the loca-
tion of the payload frame with a differentiation in the type of
loading being considered if the shell were forward or aft of the
payload frame. Shells forward of the payload frame were consid-
ered hydrostatically loaded and shells aft of the payload frame
were considered radially loaded by a uniform external pressure.
The analysis assumes that structures have equal radii of gyration,
in the circumerential direction, will work to the same stress level
before becoming unstable. With this assumption, the seneral
instability equation becomes:

3/4

0.736 E £ (12 1
- QL (12
LR}/Z bt
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- where
t = smear thickness of structure over a width b, 1in.
- I = moment of inert%a of the structure over a Vidt@ E
and about an axis parallel to the shell skin, in.
b = frame spacing at the average radius of the cone, in.

In addition to a general instability check, the following
checks are made on the detail shell structure:

1) Local instability of intermediate frame elements;
2) Local instability of the shell;
3) Local yield of any shell element.

The local instability check for the intermediate frame ele-
ments is expressed in general form as:

__KRg" B yer\® (e
PT a0 - &5 (br) (R)

where
K = a coefficient that is a function of the frame element
boundary conditions
R = local radius of curvature of the shell, in.
tr = frame element thickness, in.
br = frame element width, in.

Local instability of the cone skin, between frames, is checked
by the use of two expressions. The first assumes the skin to be
in infinitely long flat panel simply supported at the edges. The
second assumes the skin to be a truncated homogenous cone. The
higher allowable of these two expressions is used:

CEt [ts\®
Dop=73 (T)_)
2) p = 0736 EE es/?
L]
bR3/2
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where

@]
1]

a coefficient that is a function of the skin element
boundary conditions

ts = skin thickness
t = smear thickness
R = local radius of curvature

b = frame spacing.

The analysis consists of sclecting the appropriate element
sizes so that all the stability checks are satisfied, the struc-
ture will not be critical in yield, and a minimum weight struc-
ture will be achieved. This method of analysis was suggested by
and has been compared to those proposed in references C30 and C31
and shows very good agreement. Results using this method are
slightly more conservative than those using the methods of analy-
sis from references C30 and C31.

A program for the IBM 1130 computer has been written to per-
form the analysis. The program will handle structure with rec-
tangular-inteoral frames or channel frames. Variables input to
the program include cone angle, minimum gagzes and dimensions on
all clements, desicn pressure, material allowables, ctc. Output
consists ot detail dimensions, allowables,; and wejights.

Aft stabilization frame. - The shell analysis considers gen-
eral instability failure through multiwave buckling of the shell
with the ends of the cone assumed to be supported. An end or
cdue Lrame is required to provide this support and to prevent
seneral instability in the N =2 mode of buckling. Because of
the restraint provided by the basic shell, the f{rame will be
torced to buckle out-of-plane. The frame moment of inertia re-
quired to prevent this buckling is given by the expression

a'p tanT u o sin” Q

I = =
9k
where
a = slant lenoth of cone extended to the apex, in.
p = load on frame, Ib/in.
w = 1/2 the included angle of the cone.
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A program for the IBM 1130 computer has been written to size
a minimum weight frame that will satisfy general and local insta-
bility requirements.

Payload frame. - The payload frame consists of structure to
redistribute the payload weight, during entry, into a fairly uni-
form load into the shell structure of the aeroshell. The payload
frame was analyzed as a circular stable web beam on the elastic
foundation provided by the aeroshell shell structure. The method
of analysis assumes a straight beam equal in length to the cir-
cumference of the payload frame and matched end conditions on
either end of the frame. The analysis ignored the stiffness pro-
vided by hoop continuity of the frame and, therefore, give ade-
quate but conservative results. A program was written for the
IBM 1130 computer to size a minimum weight frame that will satisfy
stiffness, stability, and strength requirements.

Rigid Deployable Flaps, Weight Analysis

The rigid deployable flap configuration is shown in figure
€52 of this appendix. Entry pressure loads are reacted primarily
by bending of the sandwich surface structure and twisting moments
on the aeroshell aft frame. The longitudinal members in the flaps
were positioned to minimize spanwise bending in sandwich surface
structure. The link mechanisms were positioned on the flap longi-
tudinal members to minimize bending in these members. The aft
frame was treated as a circular torque box and designed by stiff-
ness requirements. Rotation of the aft frame was restricted to
an arbitrary 1°. Standard methods of analysis were used on the
flap structure and will not be detailed here.

Airmat® Cone Weight Analysis

The airmat cone system is a means of expanding the aeroshell
in the form of a continuous inflatable extension as indicated in
figure C76. The total system weight is expressed by

W =W + W + W + W + W
AM cloth gas tank plumbing accessories

*TM, Goodyear Acrospace Corporation.
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Airmat extension
B

Aeroshell

Figure C76,- Airmat Cone Configuration
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where
W loth = weight of sealed fabric required to make
cLo the truncated cone extension
W a = weight of inflating, chosen as Hp in this
gas s tudy
wtank = storage tank weight
wplumbing = piping, valve, fittings, etc.

accessories = weight of attachment, release, and stow-
age devices.

In this application the airmat is deployed and inflated to
final entry configuration before the vehicle comes in contact
with a sensible planetary atmosphere. This approach requires a
full inflation system be provided.

The expressions for elemental weights are given below and, in
the case of the cloth and accessories weights, are derived from
Goodyear Aerospace Corporation analyses and supporting data (GAC
report GER-12842, October, 3 1966).

2 K
e
3 —_—+1
_ 3CpgquD” | tan O (cot 6+ x) tan 6 - 1]] cos 6 (F.S.)
= =] O
04 an 6 an 6
cloth 8 Kfa sin 1+ t.n 1+ t'n
sin & sin &

As it concerns this study, values used in this expression are:

Cp =2.5
q = maximum free-stream dynamic pressure, from tra-
jectory analysis
D = diameter of cone (see fig. C76)
Kfa = 38 900 ft (coated-Nomex fabric)
Ke = 1.0 (GAC recommendation)
— 9
6 = (see fig. C76)
a = 70° - 6 = 65°
F.S. = 2.0 (GAC recommendation).
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With values above substituted,

= -5 3
wcloth 9.06 (10 ®)q D

qV

Woas = 5% 200

where V = volume of cone extension

wtank =15 (wgas)
wplumbing =35 1b
constant for all sizes
accessories 0.0018q Dg

derived from GAC point design data.
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